A series of six bimetallic oxovanadium complexes (1-6; only one was purified) were investigated by electrospray quadrupole time-of-flight tandem mass spectrometry (ESI-QTOF-MS/MS) in negative-ion mode. Radical molecular anions [M] ·Ϫ were observed in MS mode. Fragmentation patterns of [M] ·Ϫ were proposed, and elemental compositions of most of the product ions were confirmed on the basis of the high-resolution ESI-CID-MS/MS spectra. A complicated series of low-abundance product ions similar to electron impact (EI) ionization spectra indicated the radical character of the precursor ions. Fragment ions at m/z 214, 200, and 182 seem to be the characteristic ions of bimetallic oxovanadium complexes. These ions implied the presence of a V-O-V bridge bond, which might contribute to stabilization of the radical. To obtain more information for structural elucidation, three representative bimetallic oxovanadium complexes (1-3) were analyzed further by MS in positive-ion mode. Positive-ion ESI-MS produced adduct ions of [M ϩ H] ϩ , [M ϩ Na] ϩ , and [M ϩ K] ϩ . The fragmentation patterns of [M ϩ Na] ϩ were different than those of radical molecular anions [M] ·Ϫ . Relatively simple fragmentation occurred for [M ϩ Na] ϩ , possibly due to even-electron ion character. Negative-ion MS and MS/MS spectra of the hydrolysis product of Complex 1 supported these finding, in particular, the existence of a V-
O xovanadium complexes have played active roles in the fields of pharmaceutical research and organic synthesis. These complexes exhibit attractive promise as orally available treatments for diabetes mellitus and also have a number of applications as catalysts in various oxidation reactions [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Recently, some oxovanadium complexes, especially bimetallic oxovanadium complexes of chiral Schiff bases reported by Gong's group, were shown to provide high enantioselectivity for the oxidative coupling of 2-naphthols, which play very important roles in the history of asymmetric synthesis [11] [12] [13] [14] [15] [16] [17] .
Structural characterization of the bimetallic oxovanadium complexes is key to the further development of their functions. Nuclear magnetic resonance (NMR) spectroscopy ( 1 H and 51 V) can provide abundant information for structural analyses of bimetallic oxovanadium complexes. Unfortunately, NMR measurements require pure samples, which are difficult to obtain for most bimetallic oxovanadium complexes [17] . X-ray crystallographic analyses require the production of monocrystals, which limits the applicability of this technique for structural characterization. Furthermore, UV, IR, and ESR spectroscopy offer only limited structural information [18] . Obviously, a method that provides abundant structural information without laborious purification would be highly desirable for the structural characterization of the bimetallic oxovanadium complexes.
Mass spectrometry (MS) has greatly benefited from the development of electrospray ionization (ESI) and has been applied successfully in various fields. A series of simple oxovanadium complexes has been studied by ESI-MS [19 -24] . Recently, Zeng et al. reported the fragmentation study of monometallic oxovanadium Schiff base complexes by ESI-IT-MS n [25] . However, it seems not to obtain the information of uniform fragmentation patterns, except for the loss of CO 2 . Surprisingly, in our recent work, the [M] ·Ϫ radical ions of bimetallic oxovanadium complexes were observed for the first time in negative-ion mode, which provided important proof for a radical-based mechanism [17] .
To obtain sufficient fragmentation information for the structural elucidation of more bimetallic oxovanadium complexes, and to understand the radical behavior in the gas phase during the CID MS/MS experiments with potential extension to insight into the radical-based reaction mechanism, the ionization and fragmentation of six ionic bimetallic oxovanadium complexes of chiral Schiff bases were studied by electrospray ionization quadrupole time-of-flight mass spectrometry (ESI-QTOF) in negative-ion mode (three complexes were also studied in positive-ion mode). Characteristic fragment ions and uniform fragmentation patterns were elucidated.
Experimental

Chemicals and Samples
HPLC-grade acetonitrile was purchased from Fisher Scientific (Pittsburgh, PA), thrice-deionized water from HaiHong (Chengdu, China), and methanol mass calibration standards from Agilent Technologies (Palo Alto, CA). AR-grade chloroform from Bodi Corp. (Tianjin, China) was used for dissolution of samples, which were then diluted with acetonitrile before introduction to the mass spectrometer. The bimetallic oxovanadium complexes were synthesized in Gong's laboratory. Only Complex 1 was purified and its structure was confirmed by 1 H, 13 C, and 51 V NMR spectra. A pure sample was difficult to achieve for the other complexes. The structures of Complexes 1-6 are shown in Figure 1 . Oxovanadium Complexes 1, 2 were prepared by condensation of 3,3=-diformyl-2,2=-dihydroxy-2-phenol with (S)-amino acids and vanadyl sulfate. Complexes 3-6 are H 8 -BINOL-based bimetallic chiral oxovanadium complexes.
Instrument
High-resolution experiments were performed on a Bruker BioTOF-Q mass spectrometer (Billerica, MA) in both positive and negative modes. Accurate masses of fragment ions were determined by external mass calibration using the mass calibrants of MW 622.0290 and 922.0098 in the positive mode and of MW 431.9823, 601.9790 and 1033.9870 in the negative mode. Another injector was used to introduce the mass calibrants into MS, shortly after introducing the samples. High-purity nitrogen gas at a pressure of 30 psi was used as collision, nebulizer, and auxiliary heated gas. The samples introduction rate was 115 L/h. The ESI source conditions in the positive and negative modes were as follows: capillary V, Ϫ4500 V (positive), 4000 V (negative); end plate voltage, Ϫ4000 V (positive), 3500 V (negative); capillary exit voltage, 120 V; and the dry gas temperature, 150°C. The collision energy was optimized according to the signal. Detailed fragmentation pathways of the precursor ion [M] ·Ϫ at m/z 614 were postulated on the basis of high-resolution MS/MS spectra (Scheme 2). By combining Schemes 1 and 2, the processes for the formation of most product ions could be elucidated. The exact masses of major fragment ions supported this analysis (Table 1) ( Figure 3b ). All observed ions from m/z 637 were even-electron ions ( Table 2) . Compared with the fragmentation of m/z 614, the fragmentation patterns of m/z 637 were simple. For example, the losses of 68, 69, and 70 Da occurred during the fragmentation of m/z 614, but only the loss of 68 Da occurred for m/z 637 ( Table 2 ).
Results and Discussion
In the MS spectrum of the hydrolysis product of electron ion character of m/z 631 ( Figure 3c ). The product ion at m/z 315 and the lack of low-mass characteristic ions indicated the cleavage of the V-O-V bridge bond due to hydrolysis (Scheme 3).
MS and MS/MS of Complexes 2-6
For Tables 3 and 4 and Supporting Information.
Conclusions
The information obtained from respective fragmentation experiments will be especially valuable for the rapid identification of bimetallic oxovanadium complexes, which are very difficult to purify. The finding of stable radical molecular ions [M] ·Ϫ might provide a series of type complexes for studying the character of radical. The behavior of the radical in the gas phase during the CID MS/MS experiments is of scientific interest. Combined information from the fragmentation of radical molecular ion [M] ·Ϫ and the corresponding hydrolysis product contributes to the understanding of the structure and character of bimetallic oxovanadium complexes and might facilitate the design of new bimetallic oxovanadium catalysts. Further studies in this field are being carried out in our laboratory. 
